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Abstract 
An enhanced flow sensor is under development at IMTEK to enable simultaneous fluid characterization and flow velocity 
measurement. Simultaneous measurement of fluid thermal properties is necessary to measure flow rates accurately by thermal 
means in cases where fluid properties fluctuate in time. Here, we report the design and the fabrication of our 2D flow sensor 
consisting of  one heater and five thermistors and present the influence of specific heat capacity of fluids on the measurement
signals through FEM simulations. The results show that phase shift depends less on specific heat capacity (cP) than the thermal 
conductivity (O).
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1. Introduction 
Flow measurement using thermal principles offer advantages such as mass flow sensing and increased reliability 
and durability due to the lack of moving parts. However, application of thermal methods for the measurement of 
flow velocity, volume flow rate, and mass flow rate poses problems such as recalibration needs and inaccuracy in 
varying fluid conditions. To overcome these problems, thermal properties of flowing fluids should be measured 
additionally. Time-dependent heating is a promising method to measure these properties together with the flow. 
Sinusoidal heating provides additional information such as temperature amplitude and phase on the thermistors. 
This enables the measurement of fluid properties in a no-flow condition [1], [2]. On the other hand, measurement of 
temperature difference between downstream and upstream thermistors delivers information on flow speed [3]. 
Measurement of flow angle in a 2D flow is also possible if two thermistor pairs are incorporated [4]. These methods 
are combined in our sensor to investigate the simultaneous measurement of 2D flow and fluid properties. The 
challenge in the combination of these methods lies in decoupling the flow speed and fluid thermal property 
measurement. Deviation of fluid properties influences the temperature difference between the downstream and 
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upstream thermistors in the existence of a flow. Hence, it also influences the flow speed measurement. In this paper, 
we discuss the effect of these thermal properties on temperature signals at various locations in our sensor whereas 
the flow velocity is held constant. Among these thermal properties, special emphasis is given to specific heat 
capacity in this paper. 
2. Design and Fabrication 
Sensor design is based on the topology composed of a heater and several temperature sensors around it. 
Temperature dependent amorphous germanium resistors (thermistors) are used to achieve a resolution in the order of 
100 μK [5], [6]. This provides the necessary sensitivity to distinguish the smallest changes in the temperature signals 
due to varying thermal properties of fluids. Furthermore, the thermistors are located on a thin diaphragm as shown in 
Figure 1 in order to reduce the necessary power for the measurement and to increase the sensitivity to fluid thermal 
properties. The chosen materials for the diaphragm also provide a better thermal isolation to improve this sensitivity. 
Several design variations are realized as shown in Figure 1 (i) to maximize the sensitivity for various flow speeds 
and to investigate the effect of diaphragm geometry on flow measurement [7]. The fabrication process is as seen in 
Figure 1 (ii). A double-side-polished silicon wafer is wet oxidized and LPCVD nitride is deposited. Then PECVD 
nitride and PECVD oxide are deposited on the front and the back sides, respectively. It follows with the deposition 
and structuring Cr, amorphous Ge, and Ti/Au/Ti layers on the front side in the order given. Then PECVD nitride is 
deposited and structured with RIE to open contact pads. In order to release the diaphragm, nitride / oxide etch mask 
on the back side is structured and underlying silicon is etched with DRIE through the wafer. Thermal oxide layer 
functions as the etch stop for DRIE so that an approximately 1.4 μm thick diaphragm is produced. 
Fig. 1. (i) Design variations using (a), (c) round or (b), (d) square diaphragms, (c) larger thermistors with 7μm minimum structure size, and (d) 
larger thermistor-to-heater distances; (ii) fabrication process of the thermal flow sensor. 
3. Simulation Model 
Simulation of the sensor is done using FEM in COMSOL Multiphysics. The simplified model presented in [7] is 
used for the simulations. It couples thermal and fluid domains to simulate the effect of forced convection and 
conduction through the diaphragm together. The model neglects the natural convection or any turbulent / circulating 
flows on the back side of the diaphragm in order to investigate the effect of the forced convection only. 
The heat generation in the simulation model is defined as if a sinusoidal voltage is applied to the heater. 
Temperature signals at the thermistors are investigated with respect to their amplitudes and phases under the 
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variation of fluid properties and several boundary conditions. The thermal properties in concern are thermal 
conductivity (O), specific heat (cP), and density (U). Flow velocity (v), amplitude of the heating power (P), and 
reference temperature (T0), which is defined as the substrate and fluid inlet temperature, are the boundary conditions 
that are further examined in the simulations. 
Air properties are used as reference for the flowing fluid above the diaphragm. Variations in the thermal 
properties are applied by introducing different constant values for the respective thermal property of air in the 
simulator. On the other hand, the diaphragm thermal conductivity is set to 20W/(K·m), which is a fairly high value 
for the estimation of effective thermal conductivity of the diaphragm, which is increased by the metal layers. The 
used parameters are peak-to-peak heat generation rate per volume Q 11P-P=5·10 W/m3, flow speed v=1m/s, and a 
heater frequency of 100Hz (fPower=200Hz) unless they are the controlled variable. Total simulation span is 30msec 
for all simulations. Q 11P-P=5·10 W/m3 corresponds to 1.25mW heating power for the described sensor model. It 
should be noted that despite the fairly high heating power, the expected temperature amplitudes are small due to 
high diaphragm thermal conductivity and high operating frequency [8]. 
4. Simulation Results and Conclusion 
The simulation results for various specific heat capacities show that the mean temperature and the temperature 
amplitude decrease with increasing cP as seen in Figure 2. This is expected since a constant heat generation and an 
increased heat convection results in a higher heat loss and a smaller temperature gradient on the diaphragm. 
Fig. 2. (i) Simulated mean temperature; (ii) and peak temperature amplitude at all thermistors. 
On the other hand, phase shift I between the response on the middle thermistor and on the other thermistors and 
response time t remain almost constant with increasing cP as shown in Figure 3. This result is very interesting due to 
the fact that it opposes the no-flow case. The time constant W is the thermal RC product in the no-flow case, where R 
denotes the thermal resistance and C the thermal capacitance, and therefore C will be increased with increasing fluid 
specific heat capacity or with increasing density. 
The decrease in temperature mean value and amplitude due to increasing specific heat capacity is straightforward 
as explained. Considering the results on phase shift and response time, we can explain the independency to cP in the 
following way. As a forced convection comes into effect, it introduces a new term in the thermal differential 
equation. This term influences the temperature on the diaphragm asymmetrically due to the velocity term in it, 
which is unidirectional in the forced laminar flow. If the velocity is sufficiently large, it alters the thermal 
distribution from simple conduction case. Since this convective term also contains U and cP, it decreases the time 
dependency of the temperature on these properties as the velocity, and hence, the term gets larger. As a result, phase 
shift and response time remain almost constant in the nonzero-flow case with flow speeds in the range of 1 m/s. 
Considering the range of cP between 500-5000 J/(kg·K), where most of the gases and liquids are specified around 
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room temperature and at atmospheric pressure, we can also conclude that this explanation is valid for most fluids 
flowing at a speed of 1 m/s on a time dependently heated diaphragm. 
Fig. 3. (i) Simulated temperature phase according to heater; (ii) and response time for temperature signals. 
Simulations concerning U and O are also done to compare the results due to variations of the properties under 
investigation. The results of these simulations are not shown in this paper. Comparison of the results reveals the 
following information: The amount of change in I due to O is much greater than those due to U for the side 
thermistor location considering the properties of a broad range of fluids including gases and liquids. There is almost 
no change in I and t due to the variation of cP according to our simulation results shown above. Consequently, the 
phase shift due to O can be a key parameter in the individual measurement of O, U, and cP by thermal means. This 
behavior exists in the presence of a flow, which is not applicable in [1] and [2]. O, U, and cP influence the phase shift 
in similar magnitudes in [1] and [2], phase shift being controlled only by the diffusivity (O/(U·cP)) in no-flow case. In 
the light of these new results, the potential of membrane-based thermal flow sensors can be evaluated for 
simultaneous fluid characterization or self-calibration purposes. 
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